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Available online 20 December 2011Neonatal hypoxic–ischemic encephalopathy (HI) is a major cause of nervous system
damage and neurological morbidity. Perinatal malnutrition affects morphological,
biochemical and behavioral aspects of neural development, including pathophysiological
cascades of cell death triggered by ischemic events, so modifying resulting brain damage.
Female Wistar rats were subjected to protein restriction during pregnancy and lactation
(control group: 25% soybean protein; malnourished group: 7%). Seven days after delivery
(PND7), their offspring were submitted to unilateral cerebral HI; rats were then tested for
sensorimotor (PND7 and PND60) and memory (PND60) functions. Offspring of
malnourished mothers showed marked reduction in body weight starting in lactation and
persisting during the entire period of observation. There was a greater sensorimotor
deficit after HI in malnourished (M) animals, in righting reflex and in home bedding
task, indicating an interaction between diet and hypoxia–ischemia. At PND60, HI
rats showed impaired performance when compared to controls in training and test
sessions of rota-rod task, however there was no effect of malnutrition per se. In the open
field, nourished HI (HI-N) presented an increase in crossings number; this effect was not
present in HI-M group. Surprisingly, HI-M rats presented a better performance in inhibitory
avoidance task and a smaller hemispheric brain damage as compared to HI-N animals. Our
data points to a possible metabolic adaptation in hypoxic–ischemic animals receiving pro-
tein malnutrition during pregnancy and lactation; apparently we observed a neuroprotec-
tive effect of diet, possibly decreasing the brain energy demand, under a hypoxic–
ischemic situation.
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Table 1 – Nutritional composition of diets (g/kg of diet).
Component Soybean diet
25% 7%
Soybean protein (92%) a 271.4 76
Salt mixb 40 40
Vitamin mix c 10 10
Non-nutritive fiber 10 10
Carbohydrate (corn-starch) 512.5 707.5
Fat (soybean oil) 150 150
a Soybean protein (from Solae, São Paulo, Brazil), 92% purity
supplemented with 0.15% L-methionine.
b Mineral mixture mg/100 g of ration: NaCl, 557; KCl, 3.2; KH2PO4,
1556; MgSO4, 229; CaCO3, 1526; FeSO4·7H2O, 108; MnSO4·H2O, 16;
ZnSO4·7H2O, 2.2; CuSO4·5H2O, 1.9; CaCl2·6H2O, 0.09.
c Vitamin mixture (from Roche, São Paulo, Brazil) mg/100 g of
ration: vitamin A, 4; vitamin D, 0.5; vitamin E, 10; menadione, 0.5;
choline, 200; p-aminobenzoic acid (PABA), 10; inositol, 10; niacin,
4; pantothenic acid, 4; riboflavin, 0.8; thiamin, 0.5; pyridoxine, 0.5;
folic acid, 0.2; biotin, 0.04; vitamin B12, 0.003. Energy for both
diets: 4.3 kcal/g.
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Neonatal cerebral hypoxia–ischemia (HI) is an important
cause of neurological deficits in humans leading survivors to
exhibit permanent disabilities, including cerebral palsy, men-
tal retardation and epilepsy (Vannucci and Hagberg, 2004;
Volpe, 2008). The mechanisms involved in the pathophysiolo-
gy of HI injury include cellular energy deficit, glutamatergic
excitotoxicity and oxidative stress (McLean and Ferriero,
2004). Furthermore, cell damage can be exacerbated by cyto-
kine activation and infiltration of inflammatory cells in re-
sponse to the initial damage (McLean and Ferriero, 2004;
Mishra and Delivoria-Papadopoulos, 1999).
The Levine brain anoxia–ischemia method, as modified by
Rice et al. (1981) has been utilized as a rat model to study the
neonatal hypoxic–ischemic encephalopathy (Levine, 1960;Table 2 – Body and brain weight measurement of pups.
Normal no
Body weight
whole litter (individual mean weights)
PND1 49.8±2.2 (
PND4 76.7±5.0 (
PND7 112.0±7.1
SH-N
PND11 21.2±0.9
PND21 37.7±1.4
PND30 79.8±3.9
PND60 226.7±13.9
Brain weight (PND60) 1.6±0.0
Data are expressed as mean±SE. The first 3 measurements (PND1, PND4
litter) and the individual mean weight. PND11, PND21, PND30 and PND60
a Significant effect of diet before HI.
b Significant effect of diet after HI.
c Interaction between HI procedure and diet (p<0.05).
d Effect of HI procedure.Rice et al., 1981). It produces unilateral brain injury to struc-
tures such as hippocampus, striatum and cortex of the hemi-
sphere ipsilateral to arterial occlusion (Vannucci and
Hagberg, 2004). This model of unilateral cerebral hypoxia–is-
chemia causes sensorimotor deficits (Bona et al., 1997;
Jansen and Low, 1996), delays in maturation of reflexes,
such as righting reflex, cliff aversion and negative geotaxis
(Lubics et al., 2005). Behavioral studies also revealed cognitive
disabilities, as for example short and long-term spatial and
aversive memory impairments (Arteni et al., 2010).
Many nutritional deficiencies can influence brain matura-
tion during early life, but protein malnutrition during perina-
tal period figures among the main non-genetic factors
affecting later brain development (Morgane et al., 2002).
Human studies indicate that exposure to prenatal malnutri-
tion predisposes to neurocognitive deficits (Liu et al., 2004)
and increases the risk for development of psychiatric disor-
ders, such as depression (Susser et al., 1996) and schizophre-
nia (St. Clair et al., 2005).
Animal studies have demonstrated that protein malnutri-
tion in early stages of life could alter neurogenesis, cell migra-
tion, differentiation, synaptogenesis and plasticity (Bonatto
et al., 2005; Gressens et al., 1997; Morgane et al., 2002; Rotta
et al., 2003). Prenatal protein malnutrition leads to a decrease
in neuronal and glial density in the cerebral cortex and cere-
bellum (Dobbing and Hopewell, 1971) and reduces dendritic
spines in the cingulate cortex and hippocampus of rodents
(Diaz-Cintra et al., 1991; Garcia-Ruiz et al., 1993); changes in
cholinergic, noradrenergic, dopaminergic, serotoninergic, glu-
tamatergic and GABAergic systems, in antioxidant systems as
well as in drug sensitivity have also been reported (Almeida
et al., 1996a, 1996b; Bonatto et al., 2005; Rotta et al., 2003,
2008; Schweigert et al., 2005). In addition, proteinmalnutrition
impairs the performance on some behavioral tasks, i.e., nest
finding (Tonkiss et al., 1996), social interaction and spatial
memory (Almeida et al., 1996a, 1996b; Bedi, 1992), light–dark
task (Brioni and Orsingher, 1988) and reactivity to aversive
stimuli (Lynch, 1976).urished Malnourished a
6.2±0.5) 42.8±2.2 (5.8±0.67)
9.8±1.1) 49.3±5.0 (8.0±0.4)
(14.1±1.7) 59.0±7.1 (8.2±0.6)
HI-N SH-Mb HI-Mb
18.3±0.8 9.0±1.1 8.8±0.8
35.5±1.3 18.0±1.8 18.4±1.3
70.3±3.7 51.0±4.8 50.0±3.7
203.2±13.2 184±17.0 194.6±13.2
1.4±0.0 1.23±0.06 c 1.2±0.0 d
and PND7), data represent weight mean of whole litters (7–8 pups per
measurements represent the individual mean weight.
Table 3 – Effect of gestational–lactational proteinmalnutrition
and hypoxia–ischemia on neurodevelopmental tasks in
7-day-old rats.
SH-N HI-N SH-M HI-M
Negative geotaxis (sec)
Pre 21.7±5.0 33.2±4.7 30.5±5.5 21.4±3.8
Post 24.0±5.9 16.3±5.0 24.0±5.3 22.2±5.0
Righting reflex (sec)
Pre 0.3±0.2 0.5±0.2 0.72±0.7 0.6±0.2
Post 0.5±0.5 0.7±0.5 0.72±0.4 2.5±0.4 a,b
Data are expressed as mean±SE of the latencies to perform the
righting reflex and negative geotaxis tasks pre and post hypoxia–
ischemia. Results were analyzed by two-way ANOVA followed by
Duncan's post-hoc test. Data are expressed as mean±SE. n=8–11
animals/group.
a Effect of dietary treatment.
b Effect of HI procedure.
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ing newborns and children, and is an important cause of low
birth weight in developing countries (Black et al., 2008). The in-
cidence of disorders such as hypoxic–ischemic encephalopathy
during the perinatal period is increased in developing coun-
tries, especially when associated to birth weight below 1.500 g,
which increases mortality rates and worsens future morbidity
(Subramanian, 2009). Considering that, the present experiment
was designed to investigatewhether early proteinmalnutrition,
during gestation and lactation, would alter behavioral deficits
and brain damage imposed in an animal model of unilateral
neonatal cerebral hypoxic–ischemic insult.2. Results
2.1. Body and brain weights (Table 2)
Repeated measures ANOVA analysis showed a reduction in the
body weight of malnourished, as compared to nourished group
at PND4 and PND7 (F(2,8)=76.29, p<0.01). After HI procedure,
two-way ANOVA revealed a significant decrease in body weight
caused by diet at PND11 (F(1,37)=146.30, p<0.01), PND21 (F(1,37)=
312.40, p<0.01) and PND30 (F(1,37)=39.87, p<0.01).
Two-way ANOVA showed an effect of HI procedure (F(1,34)=
13.70, p<0.01) and a significant interaction between diet and HI
on brain weight at PND60: HI-M animals presented lesser brain
weights compared to HI-N (F(1,34)=4.66, p<0.05).*
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Fig. 1 – Homing behavior at PND7. Pre values refer to the evaluatio
were analyzed by ANOVA followed by Duncan's post-hoc test. D
*Difference between SH-N vs. HI-N groups after HI. **Different fro2.2. Neurological reflexes (Table 3)
There were no differences in the latency to turn-over in nega-
tive geotaxis task neither in righting reflex between nourished
andmalnourished rats before HI. After the procedure, animals
showed an impairment in righting reflex caused by HI proce-
dure (F(1,43)=4.50, p<0.05) and by dietary treatment (F(1,43)=
4.75, p<0.05). Although there was a trend of HI-M group to
have a longer latency of the righting reflex 4 h after HI proce-
dure, which could indicate an interaction between dietary in-
tervention and the HI, there was no significant difference.
2.3. Homing behavior (Fig. 1)
The performance on the olfactory discrimination task was not af-
fectedbyproteinmalnutritionpreviously to thehypoxia–ischemia
procedure. However, 4 h after HI, two-way ANOVA indicated a
significant effect of HI (F(1,58)=22.27, p<0.01) and an interaction
between diet and hypoxia–ischemia: HI-M group took longer to
approach home bedding compared to SH-M and to HI-N (F(1,58)=
6.30, p<0.05).
2.4. Open field (Table 4)
Two-way ANOVA indicated a significant interaction between
diet and HI procedure in the number of crossings (F(1,37)=4.28,
p<0.05): HI-N presented a greater number of crossings than all
other groups. A similar result was found in the latency to leave
the central circle (F(1,37)=9.35, p<0.01): HI-N group presented
shorter latency to leave this circle than SH-N and HI-M groups.
There was also a significant main effect of HI procedure in
the total number of rearings (F(1,37)=5.27, p<0.05): HI animals
exhibited more vertical orientation responses than controls.
2.5. Rota-rod (Table 5)
There was no effect of dietary treatment on locomotor coordi-
nation in the rota-rod task. A significantmain effect of HI proce-
dure was found in the latency to fall off the cylinder in training
(F(1,37)=6.41, p<0.05) and test (F(1,37)=4.43, p<0.05) session.
Paired sampled T-test showed that rats from all groups had sig-
nificant greater latencies to fall off in the test session compared
to training session, indicating the learning of the task and in-
creased performance over the sessions, however, HI animals
performed worse than respective controls. There was no main
effect of diet nor interaction between diet and HI.**
SH-M HI-M
edding 
Pre
Post
n immediately before HI procedure; Post, 4 h after HI. Results
ata are expressed as mean±SE. n=8–11 animals/group.
m HI-N and SH-M groups.
Table 4 – Effects of gestational–lactational protein
malnutrition on performance of 60-day-old rats in the
open field.
SH-N HI-N SH-M HI-M
Crossings 98.2±16.9 163.9±15.3 a 139.8±19.2 144.3±16.0
Rearings 14.0±3.9 25.4±3.6 a 20.2±4.5 27.2±3.7 a
Latency to
leave1st area
3.8±0.5 1.6±0.4 a 1.4±0.6 2.5±0.5 a,b
Results were analyzed by two-way ANOVA followed by Duncan's
post-hoc test. Data are expressed as mean±SE. n=8–11 animals/
group.
a Effect of HI procedure.
b Effect of dietary treatment.
*
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Fig. 2 – Effect of gestational–lactational protein malnutrition
and HI in 60-day-old rats submitted to the Inhibitory
avoidance. Bars represent median and interquartile range of
group latencies to step-down the platform in training and
test sessions. n=8–11 animals/group. There were significant
differences among groups in the test session
(Mann–Whitney test). *Different from all other groups.
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Kruskal–Wallis one-way analysis of variance revealed no dif-
ferences on the latency to step-down the platform among
groups during training; however there was a significant differ-
ence of performance in the test session (H=9.87, p<0.05).
Mann–Whitney U-test showed differences between SH-N
and HI-N (H=24.50, p<0.05) and between HI-N and HI-M
(H=20.00, p<0.05): hypoxic–ischemic nourished animals pre-
sented lower latencies to step-down the platform when com-
pared to hypoxic–ischemic malnourished animals.
2.7. Brain damage (Fig. 3)
Two-way ANOVA showed an effect of HI procedure (F(1,33)=
48.6, p<0.01) and a significant interaction between diet and
HI factors on brain damage (F(1,33)=6.26, p<0.05): HI-M ani-
mals presented smaller hemispheric damage than HI-N rats.
Proteinmalnutrition also reduced the proportion of pup brains
scored as damaged (moderate and severe) in HI group (8.36%
from total number of animals) when compared to HI-N
(19.4%). Data not shown.3. Discussion
The present study reports the effects of pre- and postnatal
protein malnutrition on behavioral impairments and hemi-
spheric damage caused by neonatal cerebral hypoxia–ische-
mia. Malnutrition caused impairments in the righting reflex
and homing behavior responses immediately after hypoxia–
ischemia procedure, assessed on PND7. Contrary to ourTable 5 – Latency of 60-day-old rats to fall off from the cylinder
SH-N H
Training session (sec) 156.5±21.5 107.9
Test session (sec) 198.0±22.0 b 176.0
Results were analyzed by two-way ANOVA followed by Duncan's post-ho
a Effect of HI procedure.
b Difference between training and testing session, p<0.05 pared t-test: dprediction, on PND60, antagonistic effects were seen on aver-
sive memory and spontaneous locomotion: HI-M animals had
higher retention of inhibitory avoidance memory than HI-N
and did not present the increased locomotion observed in
HI-N in the open field. The neuropathologic analysis also
showed that malnourished HI animals presented smaller tis-
sue damage than nourished hypoxic–ischemic rats. To our
knowledge, this is the first report in the literature that ob-
served such interaction.
Malnourished groups (SH-M and HI-M), fed with 7% protein
diet (Table 2), showed marked reduction of body weight start-
ing at PND1, in agreement with the literature data (Feoli et al.,
2006; Rotta et al., 2003). The impairment in weight gain was
maintained even after the standard animal house chow was
introduced (PND21) confirming the efficacy of the protein
malnutrition model.
The postnatal development is characterized, among other
aspects, by the maturation of neurological reflexes and
motor coordination (Lubics et al., 2005). Our results showed
that malnourished animals did not present deficits or delays
in neurological development previously to the hypoxia–ische-
mia (Table 3). However, the righting reflex task was affected
after the hypoxic–ischemic event: HI-M animals presented
impaired performance compared to HI-N. On 60-days-old,
rota-rod task was sensitive to detect sensorimotor alterations
in HI-N and HI-M rats (Table 5), but there was no effect of diet
as previously reported in nourished animals (Jansen and Low,
1996).on rota-rod task in training and test sessions.
I-N SH-M HI-M
±19.4 a 183.0±24.4 122.7±20.4 a
±19.9 a,b 262.5±24.9 b 191.8±20.8 a,b
c test. Data are expressed as mean±SE. n=8–11 animals/group.
ifferent from respective training session.
**
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Fig. 3 – Percentage of weight loss in the right cerebral
hemisphere (ipsilateral to the injury) in 60-day-old rats. Data
are expressed as % of damage with respect to the
contralateral (left) weight hemisphere. The results were
analyzed by two-way ANOVA followed by Duncan's post
hoc. n=8–11 animals/group. *Difference between HI and
sham (SH) groups. §Interaction between HI and dietary
treatment.
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and rodents is their ability to nest location (Tonkiss et al.,
1996). Olfactory discrimination of home cage bedding could be
impaired inmalnourished animals and was tested at PND7, be-
fore and afterHI procedure. Previously to thehypoxia–ischemia,
nourished and malnourished animals presented similar laten-
cies to find the nests, not evidencing an effect of malnutrition
per se in this parameter. However, after the HI procedure, HI-
M animals showed greater latencies to find their nest bedding
as compared to SH-M and HI-N (Fig. 1), and we could infer that
deficient protein diet has enhanced the hypoxia–ischemia ef-
fects. It could be suggested that the smaller body size may
have conferred a disadvantage to the prenatally malnourished
pups with respect to home orientation (Galler et al., 1994;
Tonkiss et al., 1996). However, our results shows that despite
being smaller, malnourished animals showed similar latencies
of nest finding when compared to nourished ones at the evalu-
ation carried out before the HI procedure (Fig. 1).
The open field task assesses cognitive, motor and anxiety-
related responses and these variables are taken as reliable indi-
cators of neonatal HI-induced injury to rodents (Carty et al.,
2010; Lubics et al., 2005; Tai et al., 2009; Ten et al., 2004). Open
field run on 60-day-old showed that HI-N had more crossings
than SH-N, showing increased exploratory activity, according
the literature (Arteni et al., 2010; Lubics et al., 2005). By other
way, HI-M presented similar number of crossings when com-
pared to SH-M animals. This result shows a reduction of an
expected HI impairment (increased locomotion) provoked by
the dietary treatment (Table 4). The number of rearings was
significantly increased in hypoxic–ischemic animals also
according to the literature, but this effect was not reverted by
protein deficient diet (Lubics et al., 2005). Malnourished ani-
mals also showed decreased latencies to leave the central circle
of the open field when compared to nourished, which can sug-
gest an anxiolytic profile induced by malnutrition. This seems
to be in agreement with the results of Almeida et al. (1996b)
showing that animals submitted to prenatal protein malnutri-
tion presented a reduction of anxiety in elevated T-maze.A useful tool to measure the hypoxic–ischemic injury is
the neuropathologic assessment based in brain weight.
The loss of brain weight on the ipsilateral side relative to
the contralateral is correlated with cellular damage and
therefore the degree of brain injury (Feng et al., 2002; Liu
et al., 2009). Our results showed that the tissue loss damage
caused by hypoxia–ischemia was lower in HI-M than in HI-N
animals (Fig. 3), suggesting a relative adaptation to the met-
abolic adversity imposed to the malnourished animals. We
take into consideration the limitations of the measurement
of brain damage based only in brain weight, which seen in
isolation, is not completely convincing and more studies,
with more accurate techniques are needed to confirm our
findings.
One possible explanation to our results is that the early
protein restriction had decreased the release of excitatory
neurotransmitters during the hypoxic–ischemic event. Bio-
chemical and behavioral studies show that the excitotoxi-
city may be reduced in rats submitted to protein
malnutrition, as assessed by seizure susceptibility (Austin-
Lafrance et al., 1991; Bronzino et al., 1991; Rotta et al.,
2003, 2008). Such depression of excitatory activity in mal-
nourished animals suggests a defensive effect of early pro-
tein restriction under an injury situation. The better
performance observed in the inhibitory avoidance task
(Fig. 2) and normal levels of locomotion in the open field
(Table 4) of HI-M animals could be behavioral cues support-
ing our hypothesis that there was morphological protection
given by protein deficient diet. Interestingly, a therapeutic
approach based in the decrease of energetic metabolism,
the hypothermia, has been employed in hypoxia–ischemia
treatment (Cilio and Ferriero, 2010). Strategies like these
lead to a decrease in O2 demand, reduce the density of ex-
citatory amino acids and ROS production, diminish the leu-
kocyte infiltration in ischemic regions, decrease microglial
activation and ischemic depolarization and consequently
decrease the effects of hypoxia–ischemia.
Summarizing, we studied the behavioral effects and brain
tissue loss caused by neonatal hypoxia–ischemia associated
with a gestational–lactational model of protein malnutrition
in this paper. It is shown that the malnutrition protocol im-
posed during this critical period of CNS development pro-
duced, unexpectedly, a positive impact on aversive memory
impairments observed in inhibitory avoidance task and in
brain damage caused by neonatal hypoxia–ischemia on 60-
days-old rats. Further experiments are needed to confirm
these findings and to determine the possible mechanisms in-
volved in such phenomenon.4. Experimental procedures
4.1. Animals
All procedures were approved by the university Institutional
Animal Care and Use Committee and follow the guidelines
from the National Institute of Health (Guide for the Care and
Use of Laboratory Animals and the U.S. Public Health Service
Policy on Human Care and Use of Laboratory Animals). Wistar
rats were obtained from the Central Animal House of
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ences from the Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brazil. Animals were maintained on a 12-h
light/dark cycle in a colony room (±21 °C) with food (adapted
to the experimental group) and water supply available ad libi-
tum. All efforts were done to minimize animal suffering and
to reduce the number of experimental animals.
4.2. Diets
Animals had free access to isocaloric diets (Table 1) containing
25% (control) or 7% (malnourished) soybean protein, and salts
and vitamins as recommended by the Association of Official
Analytical Chemists, Washington, D.C., 1980 (Feoli et al.,
2006).
4.3. Malnutrition protocol
Nulliparous female Wistar rats, at 60 days of age, weighing
200–250 g, were mated with maleWistar rats overnight. Copu-
lation was verified the next morning by inspection of vaginal
smears. On the first day of pregnancy, females were individu-
ally housed and assigned to one of two experimental groups
(nourished or malnourished). Gestational and lactational mal-
nutrition was induced by restricting the protein content of
mothers' diet to 7% (control group diet with 25% protein) dur-
ing the first day of the gestation until the 21st postnatal day
(weaning date) (Feoli et al., 2006).The birth day of pups was
postnatal day zero (PND0). Litter size was adjusted to a mini-
mum of seven and maximum of eight pups per mother on
the first postnatal day (PND1). After the weaning, the animals
of all groups received the same diet — the standard animal
house chow (containing 25% protein).
On PND7 (day of hypoxic–ischemic procedure), pups of
both sexes were randomly assigned to four experimental
groups: sham nourished (SH-N) formed by 4 males and 4 fe-
male rats, hypoxic–ischemic nourished (HI-N) by 5 males
and 6 females, sham malnourished (SH-M) consisting of 4
males and 4 females and the hypoxic–ischemic malnourished
group (HI-M), formed by 6 males and 4 females. Pup's body
weight was recorded at PND1, 4, 7, 11, 21, 30 and 60. To avoid
excessive neonatal manipulation, the first 3 weight measure-
ments (PND1, PND4 and PND7) were estimated as the mean of
litter pups. From PND11, all animals were individually
weighed and the results are expressed as means±SE. Nour-
ished and malnourished sham groups (SH-N and SH-M, re-
spectively) were submitted to anesthesia, neck incision and
visualization of carotid artery, without artery ligation.
4.4. Hypoxia–ischemia
The Levine (1960) method modified by Rice et al. (1981) was
used to produce unilateral cerebral hypoxic–ischemic injury
(Levine, 1960; Rice et al., 1981). At post natal day 7 (PND7),
rats of both sexes where anesthetized with halothane and a
small incision was made through a midline longitudinal
neck incision. The right common carotid artery was identified,
isolated from the vagus nerve and the internal jugular vein
and permanently occluded with 4.0 surgical silk threads; the
entire surgical procedure was completed within 10 min.After 15 min of recovery under a heating lamp, animals were
returned to their home cages and allowed to recover for an-
other 2 h with their mothers. Rats were then exposed for
90 min to a hypoxic atmosphere (8% oxygen balanced with
92% nitrogen); the chamber was maintained in a water bath
to keep environment temperature at 37 °C. Following hypoxia,
pups were left again for 15 min under warming and returned
to their mothers for recovery. Control animals (sham) were lit-
termates that received the surgical procedure without artery
ligation, i.e., anesthesia, neck incision and the visualization
of carotid artery (Arteni et al., 2010; Pereira et al., 2007).
4.5. Behavioral assessment
On PND7, immediately before and 4 h after the HI procedure,
neurological and sensorimotor development was tested
through righting reflex, negative geotaxis and home bedding
task. As from 60 days of age, the same animals were tested
in the open field, rota-rod and inhibitory avoidance. All ani-
mals performed the tasks in the above cited order; male rats
were tested first and the apparatuses were thoroughly
cleaned among every animal.
4.5.1. Neurological reflexes
4.5.1.1. Righting reflex. This task measures motor function
and coordination. At PND7, immediately before and 4 h after
HI, rats were placed in the supine position and the time, in
seconds, to turn over to prone position and place all four
paws in contact with the surface was recorded in maximal
time of 15 s (Kunko et al., 1996).
4.5.1.2. Negative geotaxis. The task is an automatic,
stimulus-bound orientation movement considered diagnostic
of vestibular and/or proprioceptive function. At PND7, imme-
diately before and 4 h after the HI procedure, animals were
placed head down in the middle of an inclined 30 cm board
(angle of 30°). The latency to make a 180° turn was recorded
in maximum time of 60 s (Kunko et al., 1996).
4.5.2. Homing behavior
Olfactory discrimination of home cage bedding was assessed
on PND7, immediately before and 4 h after HI. Soiled bedding
from the home cage was placed at one side of the cage
(20×40×20 cm) and the same quantity of clean (fresh) bedding
was spread over the contralateral side of the box surface. Each
pup was placed over a line in the middle of the cage with head
facing the wall and the latency to reach the home beddingwas
recorded. If the pup did not complete the trial in 300 s, or if it
reached the clean bedding, it was considered to have failed
the task (Favero et al., 2006).
4.5.3. Open field
On PND60 animals were tested in the open field; the appara-
tus consisted of a circular wooden chamber (100 cm diame-
ter×30 cm high wall) with a white floor divided into 21
fields. Rats were placed in the central circle and the latency
to leave it was recorded; they were observed for 5 min. All an-
imals were tested only once wherein the number of crossings,
rearings and the latency to leave the central circle were taken
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After each trial, the apparatus was cleaned with a 20% ethanol
solution (Netto et al., 1985).
4.5.4. Rota-rod
Motor evaluation was performed using a rota-rod apparatus
(Insight®, 54×54×42 cm). It consists of a cylinder placed
20 cm above the table surface and driven by a motor adjusted
to a maximum speed of 37 rpm. To keep on the revolving cyl-
inder, the animal needs to move about, so its capacity can be
quantified by the latency to fall off the cylinder. Every rat re-
ceived a training session on the rota-rod set at a constant
speed of 8 rpm and was tested until they achieved a criterion
of remaining on the rotating spindle for 60 s. A single baseline
trial on the accelerating rota-rod was run in which the spindle
speed increased from 8 to 37 rpm over a period of 5 min. The
test session, 24 h after the training, was made on the acceler-
ating mode and the latency to fall off was recorded. The task
timeout was 300 s (Rogers et al., 1997).
4.5.5. Step-down inhibitory avoidance
The apparatus consisted of an acrylic box (50×25×25 cm), with
the left-most 7 cm of the floor occupied by a 3 cm high plat-
form; the remaining box floor was a grid of parallel stainless
steel bars (1.5 mm-diameter) spaced 1 cm apart. Animals were
gently placed on the platform and latencies to step down plac-
ing their four paws on the grid were measured with an auto-
matic device. On stepping down, they received a 0.5 mA,
60 Hz scrambled foot shock for 2 s, and were withdrawn from
the box. Animals were tested for retention 24 h later. Test ses-
sion was procedurally similar to the training one except that
foot shock was omitted; step-down latency in the test session
was used as an index of retention (Arteni et al., 2010).
4.6. Neuropathology grading
Rats were killed after completing the behavioral testing. Ani-
mals were anesthetized with an overdose of chloral hydrate
(1 g/kg of body weight, intraperitoneally) and submitted to
transcardiac perfusion with 0.9% saline followed by 4% formal-
dehyde. Brains were removed from the skull and divided into
two hemispheres, after removing the cerebellum and the brain-
stem, andscoredasnormal ormild,moderate, or severedamage
by an observer blind to the animals' experimental condition
(Palmer et al., 1990). Brain was scored as normal, when there
was no reduction in the size of the right hemisphere, mild
when a visible reduction in the right hemisphere size was
seen,moderatewhen therewas a large reduction inhemisphere
size with a visible infarct in the right parietal area and severe,
when there was a total destruction of the right hemisphere.
After scoring, brains were weighed to measure the loss of
hemispheric weight. Brain weight data are presented as per-
cent loss of hemispheric right weight (lesioned side) relative
to the left hemisphere weight [(left−right) / left×100] (Feng
et al., 2002; Liu et al., 2009).
4.7. Statistical analysis
Data were analyzed with the SPSS package (version 13.0). Re-
peated measures ANOVA was utilized to body weightmeasurements. Parametric data was analyzed by two-way
ANOVA with diet and hypoxia–ischemia procedure as factors
(diet×HI: SH-N, HI-N, SH-M, HI-M); post hoc Duncan's multiple
range test or t-test was run whenever indicated. Non-
parametric data (latency to step-down platform in the inhibito-
ry avoidance) are expressed asmedian and interquartile ranges
of latencies for each group. Statistical differences in training
and test sessions were determined by Kruskal–Wallis test fol-
lowed by Mann–Whitney test for multiple comparisons. A
value of p<0.05 was considered statistically significant.Acknowledgments
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